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Ho2TeO6Abstract Eight members of the R2TeO6 family for the neutron non-absorbing rare-earths
(R = La, Pr, Nd, Tb, Ho, Er, Tm, Lu) have been synthesized by solid-state reactions as pure spec-
imens and structurally characterized by neutron powder diffraction (NPD), allowing for the precise
determination of the oxygen positions and thermal displacements in the presence of heavy rare-
earth and tellurium atoms. For the large rare-earth cations (from La3+ to Tm3+) the crystal struc-
ture adopts the Nd2WO6 type, defined in the orthorhombic P212121 space group, containing two
types of crystallographically independent rare earth atoms, R1 and R2, sevenfold coordinated with
oxygen atoms; the tellurium atoms form distorted TeO6 octahedra, sharing corners and edges with
both kinds of R1O7 and R2O7 polyhedra. For Lu2TeO6 a morphotropic phase transition is
observed, and this compound crystallizes in the trigonal P321 space group, with two RO6 and
two independent TeO6 coordination polyhedra, also sharing vertices. For Yb2TeO6 a mixture of
orthorhombic and trigonal phases is identified. A bond valence study, confirming that R is trivalent
and Te is hexavalent in the whole series, helps to understand the driving force for the morphotropic
transition to a more stable crystal structure where Lu3+ adopts a lower coordination index.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the last years, lanthanides oxotellurates have received much atten-
tion. R2TeO6 (R = La, Gd) have been recently described as suitable
hosts for red-emitting phosphors (Llanos and Castillo, 2008; Llanos
et al., 2014 and Castillo and Llanos, 2009). Generally, host matrices
for up-conversion luminescence should have relatively low phonon
energy to avoid efficiency losses via non-radiative relaxation (Tang
et al., 2016). Tunable up-conversion luminescence has been described
for the phosphors of Yb3+, Tm3+ and Ho3+-doped Re2TeO6
(Re = La, Gd, and Lu) matrices. From this point of view, thediﬀrac-
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Figure 1 X-ray diffraction patterns for R2TeO6. They are all
single crystallographic phases excepting for Yb2TeO6, where an
admixture of orthorhombic and trigonal phases is observed.
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Figure 2 Observed (crosses), calculated (solid line) and difference (b
Tb2TeO6; Tm2TeO6 at 295 K.
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tion study. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.rare-earth hexaoxotellurates have superior physical and chemical prop-
erties, with especially low maximum phonon energy (700 cm1)
among the whole oxide family. These distinguished features make these
compounds promising new materials for photo-electronic applications
(Llanos et al., 2009). Some additional works on the Re2TeO6 as host
matrixes for rare-earth luminescent materials have been reported such
as Eu3+:Lu2TeO6 (Natansohn, 1969), Eu
3+:La2TeO6 (Llanos and
Castillo, 2010), or Tb3+:Gd2TeO6 (Llanos and Castillo, 2008).
For the correct understanding of the above-mentioned applied
properties, the correct knowledge of the crystal structure is an impor-
tant prerequisite. Rare-earth oxotellurates are known for a long time.
Former reports did not give any identification of the composition or
crystal structures (Llanos and Castillo, 2008; Mellon, 1931 and Kent
and Eick, 1962). The first report for the entire R2TeO6 series
(R = trivalent rare earth ion) was reported by Nathansohn (1968),
with the exception of those of Ce and Pm; these phases were prepared
by reacting equimolar quantities of rare earth sesquioxide (R2O3) and
orthotelluric acid (H6TeO6) at elevated temperature. All X-ray powder
diffraction patterns were indexed on the basis of an incorrect hexago-
nal unit cell indicating that the tellurates of Y, La and Pr through Tm
form an isostructural series (Nathansohn, 1968). Later on, it was
shown that the rare-earth oxotellurates with R = La and Pr through
Tm crystallize in the orthorhombic system, space group P212121
(Hu¨tzler et al., 1984 and Tro¨mel et al., 1987). For the smallest rare-
earth ions, Yb2TeO6 and Lu2TeO6 proved to be isostructural to trigo-
nal Na2SiF6 on the basis of X-ray powder studies (Hu¨tzler et al., 1984;
Tro¨mel et al., 1987 and Malone et al., 1969). Subsequently, the synthe-20 40 60 80 100 120 140 160
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Crystal structure and phase transitions 3sis and the crystal structure of Gd2TeO6, Y2TeO6 and Nd2TeO6 have
been studied by Schleid and co-workers (Meier and Scheleid, 2003,
2004 and Ho¨ss and Schleid, 2007) confirming the previous findings.
Alternative to the solid-oxide reactions, a series of selected compounds
for R = La, Sm, Gd, Yb have been prepared by the Pechini sol–gel
process, confirming that they are all isotypic with the orthorhombic
La2TeO6 (Tang et al., 2016).
This paper reports on the preparation of polycrystalline samples
and a comprehensive crystal structure study of selected polymorphs:
the aim was to investigate the crystal structure of R2TeO6 by neutron
powder diffraction for the non-absorbing rare earths R = La, Pr, Nd,
Tb, Ho, Er, Tm and Lu, in order to describe structural details concern-
ing the oxygen positions, in the presence of heavy R and Te atoms, as
well as to understand the structural instability that leads to a mor-
photropic phase transition from P212121 to P321 for small rare earth
cations. Neutron powder diffraction (Alonso et al., 2008) has been
used, for the first time, as a characterization tool of these oxides. Struc-
tural data for some of these compounds (R = Pr, Tb, Ho, Er, Lu) have
not been reported to date.115
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R3+ ionic radius ( )2. Experimental
Polycrystalline R2TeO6 (R= La, Pr, Nd, Tb, Ho, Er, Tm, Yb,
Lu) sampleswere prepared by solid-state reaction, from stoichio-
metric amounts of analytical grade R2O3 and TeO2. R2O3 oxides
were precalcined at 900 C for 12 h in air to eliminate water and
hydroxi-carbonates. The reactants were mixed, ground and cal-
cined at 550 C for 12 h in air, followed by thermal treatments
at 700 C and 900 C for 12 h in air, with intermediate grindings.
Higher heating temperatures lead to the partial sublimation of
TeO2, and segregation of R2O3. The present annealing condi-
tions in air were sufficient to oxidize Te to the hexavalent state,
as they were incorporated into the R2TeO6 phases.
The initial characterization of the products was carried out
by laboratory X-ray diffraction (XRD) (Cu Ka,
k= 1.5406 A˚). Neutron powder diffraction (NPD) diagrams
were collected at the HRPT diffractometer (Fischer et al.,
2000) of the SINQ spallation source, at PSI-Zurich. The pat-
terns were collected at room temperature with a wavelength
of 1.494 A˚. The high-flux mode was used; the collection time
was 2 h. As sample holders, 8 mm dia. vanadium cans were
used, which rotated during the acquisition to avoid preferred
orientation. For two selected samples (R = Tm, Lu) low tem-
perature NPD patterns were additionally collected in a cryo-
stat at 2 K. All the patterns were refined by the Rietveld
method (Rietveld, 1969), using the FULLPROF refinement
program (Rodrı´guez-Carvajal, 1993). A pseudo-Voigt function
was chosen to generate the line shape of the diffraction peaks.
The following parameters were refined in the final runs: scale
factor, background coefficients, zero-point error, pseudo-
Voigt corrected for asymmetry parameters, positional coordi-
nates and anisotropic displacement factors. The coherent scat-
tering lengths for La, Pr, Nd, Tb, Ho, Er, Tm, Lu, Te and O
were 8.24, 4.58, 7.69, 7.38, 8.01, 7.79, 7.07, 7.21, 5.80 and
5.803 fm, respectively.0,95 1,00 1,05 1,10 1,15
110
b 
Figure 3 Evolution of the (a) unit-cell parameters and (b)
normalized volume V/Z for the R2TeO6 series with the R
3+ ionic
radius (Shannon, 1976).3. Results and discussion
3.1. Crystallographic characterization
R2TeO6 (R = La, Pr, Nd, Tb, Ho, Er, Tm, Yb and Lu) oxides
were synthesized as pure and well-crystallized powders, asPlease cite this article in press as: Baˆati, E. et al., Crystal structure and phase transiti
tion study. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.checked by XRD diffraction measurements. Fig. 1 shows the
XRD patterns obtained for each compound; for larger rare
earth ions from R= La to Tm the patterns are characteristic
of single-phase oxides that can be indexed in the Nd2WO6-
type orthorhombic structure (space group P212121) (Tro¨mel
et al., 1987). For Lu2TeO6 a different polytype is stabilized,
belonging to the trigonal Na2SiF6 (space group P321) struc-
tural type (Zalkin et al., 1964). For our Yb2TeO6 sample, a
mixture of orthorhombic and trigonal phases was found, as
shown in Fig. 1. For R = La-Tm, NPD data at room temper-
ature were successfully used to refine the crystal structure in
the orthorhombic P212121 space group, No. 19, Z = 4. All
the atoms are located at 4a (x, y, z) sites, including two kinds
of R atoms, R1 and R2, one Te and 6 types of O atoms, O1 to
O6. The refinement of the oxygen occupancy factors for oxy-
gen atoms converged to unity within the standard deviations.
Tables S1 to S7 in the Supplementary Information contain
the unit-cell, structural parameters, anisotropic displacement
factors and reliability factors after each refinement, for
R = La to Tm, respectively. An additional refinement for
Tm2TeO6 from neutron data collected at 2 K shows no phase
transition in the 2–295 K temperature range, since the struc-
ture at 2 K can perfectly be refined in the orthorhombic model;ons in R2TeO6 (R = La, Pr, Nd, Tb, Ho, Er, Tm, Lu) oxides: A neutron diﬀrac-
2016.06.010
Table 1 Main bond distances (A˚) for R2TeO6 from NPD data at RT.
R La Pr Nd Tb Ho Er Tm (RT) Tm (2K)
R1–O7 polyhedra
R1–O1 2.431(7) 2.399(12) 2.367(8) 2.260(8) 2.232(8) 2.250(4) 2.206(7) 2.213(6)
R1–O2 2.619(6) 2.617(12) 2.574(7) 2.515(7) 2.485(8) 2.458(3) 2.476(7) 2.465(5)
R1O20 2.499(6) 2.459(12) 2.440(7) 2.378(7) 2.346(7) 2.342(3) 2.335(7) 2.321(5)
R1–O4 2.447(6) 2.368(12) 2.391(7) 2.324(7) 2.317(7) 2.296(3) 2.296(7) 2.292(5)
R1–O5 2.565(6) 2.570(12) 2.529(7) 2.480(7) 2.469(7) 2.453(3) 2.472(7) 2.443(5)
R1–O50 2.491(6) 2.393(12) 2.424(8) 2.350(8) 2.302(8) 2.280(4) 2.288(7) 2.280(5)
R1–O6 2.420(7) 2.407(12) 2.372(7) 2.326(7) 2.300(8) 2.277(3) 2.262(7) 2.276(5)
<R1–O> 2.496 2.459 2.4424 2.376 2.350 2.336 2.333 2.327
R2–O7 polyhedra
R2–O1 2.508(7) 2.424(11) 2.405(8) 2.319(7) 2.294(8) 2.2669(35) 2.275(7) 2.267(5)
R2–O2 2.426(6) 2.376(12) 2.365(7) 2.318(7) 2.308(8) 2.2860(32) 2.263(7) 2.276(6)
R2–O3 2.436(6) 2.371(12) 2.360(7) 2.279(7) 2.252(7) 2.2376(30) 2.229(7) 2.235(5)
R2O30 2.356(7) 2.328(13) 2.318(8) 2.245(7) 2.223(8) 2.2111(32) 2.193(7) 2.209(5)
R2–O4 2.406(7) 2.413(10) 2.369(7) 2.323(7) 2.277(7) 2.2871(33) 2.282(7) 2.270(5)
R2–O50 2.719(7) 2.680(12) 2.660(8) 2.623(7) 2.593(8) 2.5959(34) 2.561(7) 2.570(5)
R2 O6 2.603(7) 2.567(11) 2.530(7) 2.445(7) 2.430(7) 2.4092(31) 2.409(7) 2.395(5)
<R2–O> 2.493 2.451 2.429 2.364 2.339 2.328 2.316 2.317
TeO6 octahedra
Te–O1 1.926(7) 1.874(10) 1.933(9) 1.915(8) 1.916(9) 1.902(4) 1.894(8) 1.890(6)
Te–O2 1.953(7) 1.897(10) 1.942(8) 1.952(7) 1.947(8) 1.960(4) 1.959(7) 1.947(6)
Te–O3 1.926(7) 1.938(11) 1.922(9) 1.914(8) 1.907(8) 1.920(4) 1.908(8) 1.899(6)
Te–O4 1.885(8) 1.912(10) 1.914(9) 1.887(8) 1.921(8) 1.899(4) 1.901(7) 1.892(6)
Te–O5 1.954(7) 1.951(10) 1.945(9) 1.946(8) 1.941(9) 1.946(4) 1.932(8) 1.947(6)
Te–O6 1.926(8) 1.942(12) 1.928(9) 1.911(8) 1.922(9) 1.941(4) 1.919(8) 1.924(6)
<Te–O> 1.929 1.918 1.930 1.920 1.925 1.928 1.918 1.9165
4 E. Baˆati et al.the structural parameters are collected in Table S8. The unit-
cell parameters for Tm2TeO6 decrease rather isotropically
upon cooling from a= 5.2062(2), b= 8.9868(4), c= 9.8793
(4) A˚, V = 462.22(3) A˚3 at 295 K, to a = 5.2020(1),
b= 8.9773(3), c= 9.8664(3) A˚, V = 460.77(2) A˚3 at 2 K.
Fig. 2a–d illustrates the goodness of the fits for La, Nd, Tb,
Tm at 295 K, respectively. A regular variation of the unit-cell
parameters and interatomic distances is observed with the
ionic radii of the rare-earth cations (Shannon, 1976), according
to the well-known lanthanide contraction, as displayed in
Fig. 3a. This graph also includes the values for Yb, obtained
from a refinement from XRD data including both orthorhom-
bic and trigonal phases. The main interatomic distances after
the refinement are listed in Table 1.
For Lu2TeO6 the structure was refined from NPD data in
the trigonal P321 space group, No. 150, Z = 3. There are
two inequivalent Lu1 and Lu2 atoms located at 3e (x, 0, 0)
and 3f (x, 0, 1/2) Wyckoff sites; two independent Te1 and
Te2 atoms placed at 1a (0, 0, 0) and 2d (1/3, 2/3, z) and three
kinds of oxygen atoms, O1, O2 and O2, all placed at general 6g
(x, y, z) positions. The refinement from 2 K data is also excel-
lent, demonstrating the absence of phase transitions in the 2–
295 K range. Tables S9 and S10 in the Supplementary Infor-
mation contain the unit-cell, structural parameters, anisotropic
displacement factors and reliability factors after each refine-
ment, at RT and 2 K. Fig. 4a and b illustrates the goodness
of the fits for Lu, at 295 and 2 K, respectively. The thermal
evolution of the unit-cell parameters for Lu2TeO6, from
a = 8.9528(2) A˚, c = 5.0762(1) A˚, V = 352.36(1) A˚3 at
295 K, to a = 8.9547(2), c = 5.0706(1) A˚, V = 352.13 A˚3 atPlease cite this article in press as: Baˆati, E. et al., Crystal structure and phase transiti
tion study. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2 K, is not isotropic since a slight increase is observed in a
(=b) parameter, compensated by the expected contraction in
c to give a subtle reduction in the unit-cell volume (by
0.06%), much smaller than that observed in the orthorhombic
phase for Tm2TeO6 (by 0.3%) in the same temperature range,
295–2 K. The normalized V/Z volume (Fig. 3b) versus the
ionic radius of R3+ ions shows an anomaly for the trigonal
Yb phase and Lu, since the trigonal structure is considerably
expanded (per unit formula) with respect to the orthorhombic
arrangement, due to the lower coordination number for R3+
in the Na2SiF6 structural type. This anomaly corresponds to
a morphotropic phase transition, defined as an abrupt change
in the structure of a solid solution with variation in composi-
tion. In this case the driving force for the morphotropic tran-
sition is the change of ionic radius of R3+ due to the
lanthanide contraction. The main interatomic distances for
Lu2TeO6 at 295 K and 2 K are included in Table 2.
Figs. 5 and 6 show different aspects of the orthorhombic
structure. This crystal structure is stabilized for the larger
rare-earth ions, from R= La to Tm, and contains octahe-
drally coordinated TeO6 units sharing edges and vertices with
R1O7 and R2O7 polyhedra, as displayed in Fig. 5. There are
no contacts between TeO6 polyhedra, which form discrete
octahedral units. Both kinds of sevenfold oxygen coordinated
RO7 units form chains along the [100] direction; R1O7 share
edges via O5 and O6 oxygen atoms (Fig. 6a), whereas R2O7
share vertices via O3 oxygens (Fig. 6b). Average <R1-O>
and <R2-O> span from 2.496 to 2.333 A˚ and 2.493 to
2.316 A˚ from La to Tm, respectively, showing very similar
sizes and relative variation upon the lanthanide contraction.ons in R2TeO6 (R = La, Pr, Nd, Tb, Ho, Er, Tm, Lu) oxides: A neutron diﬀrac-
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Figure 4 Observed (crosses), calculated (solid line) and differ-
ence (bottom) NPD Rietveld profiles for Lu2TeO6 at (a) 295 K
and (b) 2 K.
Table 2 Main bond distances (A˚) for Lu2TeO6 from NPD
data at 295K and 2K.
T(K) 2 295
R1–O6 octahedron
R1–O1 x2 2.305(5) 2.310(8)
–O2 x2 2.171(4) 2.162(6)
–O3 x2 2.274(3) 2.269(6)
<R1–O> 2.250 2.247
R2–O6 octahedron
R1–O1 x2 2.170(4) 2.158(6)
–O2 x2 2.295(5) 2.306(8)
–O3 x2 2.217(4) 2.227(6)
<R2–O> 2.227 2.230
TeO6 octahedra
Te1–O1 x6 1.902(4) 1.900(7)
Te2–O2 x3 1.934(5) 1.938(8)
–O3 x3 1.920(5) 1.932(8)
<Te2–O> 1.927 1.923
R2 
R1 
Te 
O 
Figure 5 Representation of the orthorhombic R2TeO6 crystal
structure; R atoms are in sevenfold coordination and TeO6 form
isolated octahedra.
R1 
a 
R2 
b 
Figure 6 Chains of RO7 polyhedra running along the [100]
direction: (a) R1O7 polyhedra sharing edges; (b) R2O7 polyhedra
sharing corners.
Crystal structure and phase transitions 5Upon cooling down some R-O distances show a significant
contraction, such as R1-O5 (2.472(7) A˚ at 295 K and 2.443
(5) A˚ at 2 K), whereas other remain almost unchanged orPlease cite this article in press as: Baˆati, E. et al., Crystal structure and phase transitions in R2TeO6 (R = La, Pr, Nd, Tb, Ho, Er, Tm, Lu) oxides: A neutron diﬀrac-
tion study. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.06.010
Te2 
Te1 Lu1 
Lu2 
Figure 7 View of the trigonal Lu2TeO6 crystal structure,
showing both kinds of RO6 and TeO6 octahedra.
6 E. Baˆati et al.slightly increase, resulting in a small average variation for both
<R1-O> (2.333 A˚ at 295 K to 2.327 A˚) and R2-O (2.316 A˚ at
295 K to 2.317 A˚ at 2 K). The <Te–O> bond lengths within
the octahedra undergo a subtle compression along the series,Table 3 Valences determined from the bond valence modela for R,
BVS R
La Pr Nd Tb
R1 2.963(2) 3.020(3) 2.867(2) 2.831(2)
R2 3.075(2) 3.141(3) 3.035(2) 2.983(2)
Te 5.831(4) 5.758(6) 5.787(5) 5.945 (5
O1 1.876(2) 2.079(3) 1.895(2) 2.005(2)
O2 2.122(2) 2.048(3) 2.117(2) 2.036(2)
O3 2.075(2) 2.078(3) 2.051 (2) 2.083(2)
O4 1.998(2) 2.025(3) 1.96(2) 1.993(2)
O5 1.901(2) 1.956(3) 1.891(2) 1.847(2)
O6 1.798(2) 1.732(3) 1.773(2) 1.795(2)
BVS R
Lu (RT)
R1 2.886(2)
R2 3.017(2)
Te1 6.278(4)
Te2 5.709(4)
O1 2.050(2)
O2 1.944(2)
O3 1.907(2)
GII R
La Pr Nd Tb Ho
GII(a)% 11.12 10.51 11.45 8.11 10.14
GII(b)% 4.73 4.06 4.62 3.51 4.30
GII(c)% 12.09 12.09 13.19 10.83 11.55
a The valence is the sum of the individual bond valences (si) for R–O an
B = 0.37, r0 = 1.917 for the Te
6+–O2 pair; for the R3+–O2 pairs, for L
2.010, 2.000, 1.971, respectively, from Brese and O’Keeffe, 1991. Individu
global instability index (GII) is calculated as the root mean of the valence
to GII = (Rj[Ri(sij  Vj)2]/N)1/2.
Please cite this article in press as: Baˆati, E. et al., Crystal structure and phase transiti
tion study. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.varying between 1.929 and 1.918 A˚ from La to Tm, as a result
of the chemical pressure as the unit-cell volume becomes smal-
ler with the lanthanide contraction. These distances are close
to that expected from the ionic radii sum for octahedrally
coordinated Te6+ (0.56 A˚) with three threefold and three four-
fold coordinated O2 ions (1.36 and 1.38 A˚, respectively)
(Shannon, 1976), of 1.93 A˚. Fig. 5 also shows the anisotropic
displacement ellipsoids; all of them are oblate ellipsoids, with
the largest displacement plane perpendicular to the bonding
directions, as it is normally observed for strongly covalent
crystal structures.
For the trigonal crystal structure exhibited by Lu2TeO6
(Fig. 7), both Lu3+ and Te6+ are octahedrally coordinated
with a distorted close-packed array of oxygens, with distor-
tions lengthening the Lu–O distances and shortening the
Te–O bond lengths from the ideal values [Malone et al.,
1969]. In this compound Lu3+ shares the octahedral coordina-
tion with Te6+, although in general rare-earth ions often prefer
a higher coordination number. The Na2SiF6 crystal structure is
exhibited in A2BO6 oxides with fairly large A ions (i.r.
0.85 A˚) for octahedral coordination and a large difference
in valence between the A and B cations (Malone et al.,
1969). All the oxygen atoms are threefold coordinated with 2
Lu and 1 Te, in such a way that every TeO6 octahedra shareTe and O at 295 K and 2 K (for Tm and Lu).
Ho Er Tm(RT) Tm(2K)
2.984(2) 2.961(1) 2.936(2) 2.968(1)
3.133(2) 3.113(1) 3.117(2) 3.097(1)
) 5.867(5) 5.836(2) 5.980(5) 6.019(3)
2.058(2) 2.064(1) 2.115(2) 2.123(2)
2.097(2) 2.070(1) 2.066(2) 2.101(1)
2.013(2) 2.113(1) 2.157(2) 2.148(1)
1.951(2) 1.985(1) 1.960(2) 2.005(1)
1.927(2) 1.913(1) 1.918(2) 1.908(1)
1.798(2) 1.765(1) 1.817(2) 1.800(1)
Lu (2K)
2.858(1)
3.030(1)
6.245(2)
5.843(2)
2.030(1)
1.954(1)
1.948(1)
Er Tm(RT) Tm(2K) Lu(RT) Lu(2K)
9.75 9.36 9.09 9.07 6.82
4.26 4.27 4.23 3.23 2.40
10.85 10.64 10.89 11.75 8.75
d Te–O bonds. Bond valences are calculated as si = exp[(r0  ri)/B];
a, Pr, Nd, Tb, Ho, Er, Tm, Lu, r0 = 2.172, 2.135, 2.117, 2.049, 2.023,
al R–O and Te–O distances (ri) are taken from Tables 1 and 2. The
deviations for the j= 1 . . .N atoms in the asymmetric unit, according
ons in R2TeO6 (R = La, Pr, Nd, Tb, Ho, Er, Tm, Lu) oxides: A neutron diﬀrac-
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Crystal structure and phase transitions 7edges with three LuO6 polyhedra, and corners with three other
LuO6 octahedra.
It is interesting to examine the valence of the cations and
anions present in the solids, which can give hints on the stabil-
ity of the structure and its evolution across the series. The
Brown’s bond valence model (Brown, 1981; Brese and
O’Keeffe, 1991) gives a phenomenological relationship
between the formal valence of a bond and the corresponding
bond length. In perfect nonstrained structures the bond
valence sum (BVS) rule states that the formal charge of the
cation (anion) is equal to the sum of the bond valences around
this cation (anion). This rule is satisfied only if the stress intro-
duced by the coexistence of different structural units can be
relieved by the existence of enough degrees of freedom in the
crystallographic structure. The departure of the BVS rule is a
measure of the existing stress in the bonds of the structure.
The overall stress can be quantified by means of a global insta-
bility index (GII) [Brown, 1992], calculated as the root mean of
the valence deviations for the j= 1 . . .N atoms in the asym-
metric unit, according to GII = (
P
j [
P
i(sij  Vj)2]/N1/2.
Table 3 lists the valences calculated for R, Te and O atoms
from the individual R–O and Te–O distances of Tables 1
and 2, as well as GII along the three crystallographic axes. Sev-
eral trends must be highlighted. In the orthorhombic structure
the valences for rare-earth cations at R1 sites are always lower
than those at R2, which are slightly overbonded, or under
compressive stress (excepting for Tb). This stress is relieved
upon the transition to the trigonal structure: Lu2 shows
valence values very close to the expected 3+. Te ions always
exhibit valences lower than 6+ (excepting Tm at 2 K); how-
ever, the transition to the trigonal structure for Lu shows a sig-
nificant increment of the valence at Te1 sites (6.28 at 295 K),
displaying an important compressive stress. It is thus remark-
able that the stabilization of the trigonal polymorph is clearly
driven by the trend of Lu to adopt a lower-coordination envi-
ronment, despite the less suited environment exhibited by Te
ions. It is noteworthy that the overall stress quantified by the
global instability index (GII) does not significantly vary across
the series, showing similar values for Tm and Lu (at both sides
of the structural transition), since Te ions become overbonded
(Te1) or underbonded (Te2) in the trigonal polymorph. It is
again indicating that the coordination of Lu in a sixfold
environment is the driving force for the stabilization of the
Na2SiF4-type polymorph for Lu2TeO6.
4. Conclusions
A series of rare-earth tellurates of composition R2TeO6 have been pre-
pared and structurally studied from neutron diffraction data for the
non-absorbing rare-earth ions. For R = La–Tm the crystal structure
adopts an orthorhombic Nd2WO6 polytype whereas Lu2TeO6 crystal-
lizes in a trigonal Na2SiF4-type structure. For Yb2TeO6 an admixture
of both orthorhombic and trigonal phases is observed. The
orthorhombic structure contains chains of sevenfold coordinated
R1O7 and R2O7 polyhedra sharing edges and vertices, respectively,
with Te6+ ions in octahedrally coordinated voids; the trigonal struc-
ture consists of an ordered array of two kinds of TeO6 and two typesPlease cite this article in press as: Baˆati, E. et al., Crystal structure and phase transiti
tion study. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.of LuO6 octahedra. A bond-valence study from accurate bonding dis-
tances to oxygen demonstrates that the driving force for the phase
transition is the trend of small Lu3+ ions to adopt a sixfold coordina-
tion environment in the trigonal structure, even if Te ions are signifi-
cantly overbonded (Te1) or underbonded (Te2) in this crystal
structure.
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